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Abstract 
In this study, titanium scaffolds with porosity of 60 volume percent were produced by Ti powder and urea space holder, using 
powder metallurgy technique. Dip-coating sol-gel process was used to coat titanium scaffolds with fluorohydroxyapatite (FHA) 
ceramics in order to improve their osteointegration for medical implant purposes. Scanning electron microscopy (SEM) with energy 
dispersive spectrometers (EDS), inductively coupled plasma optical emission spectroscopy (ICP-OES) and X-ray diffraction 
(XRD) were employed to ensure removal of urea particles, non-oxidized samples caused by sintering process as well as evaluation 
of nanocrystalline fluorohydroxyapatite coating structure. Results implied that ultrasonic irradiation could promote transferring of 
coating slurry into the pores and using a low temperature process improve crystallization and decreases the crystallite size of 
fluorohydroxyapatite to about 50 nm. Moreover, ICP-OES analysis indicated that Ca:P molar ratio was 1.69, which was quite close 
to the molar ratios of the natural bone calcium and phosphor elements. 
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1. Introduction 
In recent years, bone tissue engineering has been increasingly studied as a preferable approach to the restoration of 
damaged bone tissues, Wu et al. (2008). The surface of a biomaterial has an essential role in defining its features and 
can be modified in order to improve its overall performances, Catauro et al. (2015). Currently, titanium and its alloys 
are considered as preferred materials for bone tissue engineering scaffolds owing to their excellent biocompatibility 
and corrosion resistance, Faghihi-Sani et al. (2013), Xu et al. (2006). Secure implant fixation is achieved through the 
mechanical interlocking of bone and implant, Nguyen (2004). 
So far, a number of techniques have been developed to produce porous-structured titanium such as powder sintering, 
expansion of gas bubbles, rapid prototyping and space holder method .In space holder method, titanium scaffolds with 
interconnected pores can be made. Moreover, the control over pore shapes and sizes could be done by adjusting the 
geometry and sizes of space-holding particles used in the scaffold fabrication process. Despite the excellent mechanical 
properties of metallic biomaterials there is a lack of direct chemical bonding between implant material and the host 
bone tissue after implantation due to the encapsulation phenomena by the fibrous tissues that isolate the implant 
materials from the surrounding tissues, Lee et al. (2015), Mondal et al. (2014). 
In general for binding the implant material to a living bone, a calcium-phosphate layer will be formed on its surface. 
Calcium phosphates such as fluorohydroxyapatite (Ca10(PO4)6FxOH2-x) are used as bone substitute materials due to 
their chemical similarity to the mineral component of bones and teeth. Fluorine-substituted hydroxyapatite (FHA) is 
chemically more stable than hydroxypatite in body environments, Albano et al. (2014), Chen et al. (2015), Tredwin et 
al. (2013). 
Sol–gel is the method used to synthesize ceramic materials at a relatively low temperature. This low processing 
temperature sol–gel technology allows synthesizing nanostructured materials and needs simple equipments. Dense 
and uniform coating layers with thickness of less than 1 mm can be produced by dip coating from the sol-gelled 
materials. Ultrasonic process generates a specific agitation resulting from the cavitation phenomenon, which results in 
high quality metal coating, Lu et al. (2010), Thongsuriwong et al. (2013). 
Many works are reported in the literature which describes the enhancement of the performance of Titanium-based 
implants coated with Ca-P films. In the present study, FHA films were deposited onto the titanium scaffolds substrate 
by a dip coating method. The purpose of this study is to evaluate the possibility of dip coating process on Ti scaffolds 
by assistant ultrasonic and investigation of the coating layer structure. 
2. Experimental procedure 
For the preparation of Ti scaffolds, pure titanium powder with a mean particle size of 45 µm and urea with mean 
particle sizes of 425 µm were used as starting materials. The powders were mixed and compacted in the die by using 
uniaxial pressures of 300 MPa at ambient temperature. The compacted specimens were then sintered at temperature 
of 1200 °C under an argon gas atmosphere. 
To produce FHA coating layer with a composition of Ca10(PO4)6(FOH), the precursors of calcium nitrate [Ca(NO3)2 
4H2O], triethyl phosphate (TEP, [P(C2H5O)3]) and ammonium fluoride [NH4F] were used. Controlled amounts of TEP 
and ammonium fluoride were first dissolved in ethanol. After adding distilled water, the solution was stirred 
vigorously for 24 h at room temperature. In a separate container, a stoichiometric amount of calcium nitrate was 
dissolved in ethanol with vigorous stirring for 24 h. The Ca containing solution was added slowly to the P containing 
solution, and then aged at room temperature for 24 h and further at 40°C for 24 h. 
These precursor sols were subsequently used for the deposition of FHA thin films onto the pre cleaned Ti scaffolds 
by the dip coating technique. A dip coater was used for film deposition maintaining a withdrawal speed of 5 mm/min. 
During the dip coating process, coating solution was applied on to the precursors with an ultrasonic assistance at a 
constant ultrasonic frequency of 40 kHz (Ultrasonic cleaner, DL-120A, China). As deposited films were initially dried 
in an air oven for about 30 min at 80°C. The obtained films were finally heat-treated at higher temperature (500°C) 
for 30 min under gas atmosphere (high purity Ar, 99.99%) to obtain the final FHA films. Further, to obtain a sufficient 
film thickness, two layers were deposited onto the substrate by dip coating. For this purpose the coating parameters 
were kept the same as those of the single layer FHA thin films as mentioned above. 
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All coatings were characterized using scanning electron microscopy (SEM, LEO 1450VP). XRD analysis using 
Cu-Ka radiation was conducted to characterize the phases of the FHA films. The ratio of calcium to phosphorus in the 
synthesized FHA was measured using induction coupled plasma-optical emission spectroscopy (ICP-OES). 
3. Results and discussion 
The paper presents the procedure of the formation of Ti scaffolds of 60 Vol. % porosity with an average pore size 
of about 425 μm. The pores shape and EDS analysis has been shown in Fig. 1a and b, respectively. The EDS analysis 
leads to the conclusion that the phase content is pure titanium. 
 
Figure 2a and b represent the scanning electron micrographs of Ca-P-coated Ti scaffolds. Fig. 2a shows the surface 
appearance of the coating. The coating appears uniform that completely covers the substrate. Fig. 2b indicates that at 
least the top layer of the FHA film was composed of nano-scaled particles. The image also demonstrates that Ca-P 
coating formed by annealing at 500°C is fully dense. Examination of samples across the sol–gel-formed film showed 
that the average thickness of the FHA formed film was approximately less than 100 μm. By this coating technique, 
generally uniform and crack-free films with spherical morphology resulted over the entire porous surface of Ti 
scaffolds. 
 
It is known that the ultrasonic irradiation can produce transient and high-frequency extreme condition by acoustic 
cavitation effect. Ultrasonic cavitation in liquid–solid systems has high energy physical effects which will improve 
the mass transfer and drive the slurry into the pores, Zou et al. (2014). 
Figure 3 displays the typical SEM image of 60 vol. % porosity of Ti scaffold covered by FHA layer. The scanning 
electron micrograph of the calcium phosphate-coated implant verifies that the dip coating process coupled with 
ultrasonic technique didn't cause any significant changes in the size or shape of the pores. An ultrasound is very 
Fig. 1. (a) SEM micrograph of porous Ti; (b) EDS analysis of porous Ti substrate. 
Fig. 2. Surface morphologies of FHA thin films at different magnifications. 
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important for the formation of the FHA coating into the cells. No inner FHA coating was obtained when the experiment 
was carried out without ultrasound under the same other typical conditions for two stages. 
The XRD pattern of the coating heated at 500 °C are shown in Fig. 4. The main crystalline phase is 
fluorohydroxyapatite (FHA) and no obvious impurities such as tricalcium phosphate (TCP) or other phases are 
detected in this coating, just two peaks correspond to calcium oxide (CaO) and calcium fluoride (CaF2) was detected, 
thus high purity coating is obtained. The peaks (002), (211), (112) and (300) are those of the HA structure. The absence 
of additional phases such as tricalcium phosphate ortetracalcium phosphate in this temperature region is the sign that 
the stoichiometry structure of fluorohydroxyapatite is reached. The presence of the coating was evident and the XRD 
analysis showed no peak coming from Ti substrate, indicating that a good adherent coating can be obtained by means 
of the sol-gel dipping method. As well as the apatite evolved in the coating layer has a Ca/P ratio of 1.69 based on 
ICP-OES measurements. 
 
 
The crystal size of the coating layer is inversely proportional to the peak width according to the Scherrer equation, 
Liu (2001): 
                  ߂ሺʹߠሻ ൌ ଴Ǥଽఒ஽௖௢௦ሺఏሻ                                                                                                                       (1) 
Where Δ(2θ) represents the peak width at half-maximum intensity of the reflection (002), λ is the wavelength for 
CuKα (λ=0.15418 nm), and D is the crystal size in nanometers. As determined from XRD investigations, the coating 
consists of crystalline FHA with a crystal size of about 50 nm. 
Fig. 4. X-ray diffraction pattern of the sol–gel fluorohydroxyapatite coating annealed 
500°C. 
Fig. 3. SEM image of 60 Vol. % porosity Ti scaffold coated with FHA. 
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4. Conclusion 
In sum, we have developed a method of fabricating titanium scaffolds with a pore size of about 425 μm and porosity 
of 60 vol%. This study demonstrates the synthesis of FHA ceramic via a low-temperature dip coating process. Sol-
gel derived FHA coating is successfully dipping-coated on Ti scaffold samples through a novel ultrasonic assistance 
method, followed by a heat treatment at 500°C. It is found that the temperature of 500°C for annealing is effective for 
the FHA crystallization. SEM observations showed a dense coating layer with a thickness less than 100 μm and no 
delimitation or crack at the interfaces of FHA and Ti substrate. Additionally, the combination of ultrasound with dip 
coating process was the best method to transfer the slurry into the inner parts of the scaffold. The resulting carbonated 
FHA films had Ca/P ratio of 1.69 and the crystallite size was about 50 nm. 
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